Introduction
============

Adaptive immune responses are initiated upon recognition by the T cell receptor (TCR) of peptide antigen--major histocompatibility complex complexes, displayed on the surface of antigen-presenting cells. TCR engagement induces a coordinated redistribution of receptors and signaling proteins at the immunological synapse, i.e., the interface between the T cell and the antigen-presenting cells ([@bib26]; [@bib18]). These events have been analyzed with high spatial and temporal resolution by imaging T cells activated on artificial stimulatory surfaces, such as coverslips coated with anti-CD3 antibodies ([@bib13]) or lipid bilayers containing major histocompatibility complex--peptide complexes and adhesion molecules ([@bib15]; [@bib39]). These approaches have revealed the assembly of submicrometer-scale protein complexes, or microclusters, containing the TCR and critical signaling molecules, including the protein kinases LCK and ZAP70, the adaptors SLP76, GADS, GRB-2, and LAT, and downstream effectors, such as VAV1, PLC-γ1, and Wiskott--Aldrich syndrome protein ([@bib13]; [@bib6]; [@bib15]; [@bib39]; [@bib16]; [@bib25]). After T cell spreading over the stimulatory surface, TCR-containing microclusters enriched in activating kinases (e.g., LCK and ZAP70) and excluding negative regulators (e.g., the phosphatase CD45) preferentially form at the periphery of the immunological synapse. They then engage in centripetal movements toward the synapse center ([@bib39]; [@bib36]). Microcluster components undergo different fates during this travel. TCRs accumulate at the center of the synapse forming the so-called central supramolecular activation cluster (cSMAC; [@bib26]; [@bib39]) and are eventually down-regulated ([@bib36]; [@bib35]). On the other hand, molecules such as SLP76 and ZAP70 segregate from TCR microclusters before they reach the cSMAC ([@bib13]; [@bib39]). Interestingly, reducing the mobility of microclusters toward the cSMAC by different means results in increased microcluster persistence and T cell activation ([@bib27]; [@bib28]; [@bib22]), suggesting that dynamic segregation of microcluster components reflects signal termination. Although ubiquitylation-mediated internalization/degradation of TCR subunits or other microcluster components has been implicated in signal inactivation ([@bib4]; [@bib35]), the mechanisms triggering protein sorting from microclusters and signal termination are poorly characterized.

The cytoplasmic scaffold protein SLP76 plays a central role in TCR signal transduction and is indispensable for both thymocyte development and mature T cell activation ([@bib21]). SLP76 is recruited into microclusters by binding to the transmembrane phosphoprotein LAT via the small adaptor GADS ([@bib23]; [@bib14]). The LAT--GADS--SLP76 complex is pivotal for signaling regulation and diversification because it coordinates the recruitment and activation of effectors belonging to several downstream pathways ([@bib1]). For instance, the association of SLP76 with the guanine nucleotide exchange factor VAV1, the adaptors NCK ([@bib11]) and adhesion- and degranulation-promoting adaptor protein, ([@bib29]; [@bib37]), the Tyr kinase Itk ([@bib12]), and the Ser/Thr kinase HPK1 allows it to control actin cytoskeleton remodeling, cell adhesion, and gene transcription ([@bib21]).

Recently, we have unveiled a negative feedback loop involving SLP76 that modulates T cell activation. HPK1 phosphorylates Ser376 of SLP76 and induces its interaction with members of the 14-3-3 protein family ([@bib17]), ubiquitous molecules that regulate multiple cellular functions ([@bib34]). Biochemical and functional analyses suggested that binding of 14-3-3 to SLP76 down-modulates T cell signaling and activation ([@bib17]), although the underlying mechanism remained uncharacterized. In support of our model, HPK1-deficient T cells showed increased signaling and responsiveness upon TCR stimulation ([@bib32]).

Here, we demonstrate that HPK1 negatively regulates T cell activation by reducing the persistence of signaling microclusters and identify a threonine-containing motif in GADS whose phosphorylation plays a central role in this regulatory process. Our results indicate that HPK1-dependent phosphorylation of both GADS and SLP76 is required for the recruitment of 14-3-3 proteins. The resulting SLP76--GADS--14-3-3 complexes are released from LAT-containing microclusters and likely inactivated, thus down-modulating T cell activation. These data define a novel mechanistic link between Ser/Thr phosphorylation of TCR effectors, stability of signaling protein complexes, and down-regulation of T cell responses.

Results
=======

HPK1 overexpression affects SLP76 microclusters
-----------------------------------------------

To address whether HPK1 may alter the formation and/or the dynamics of SLP76 signaling complexes, we analyzed SLP76-containing microclusters induced by immobilized stimulatory antibodies. SLP76-deficient J14 cells stably reconstituted with a YFP-tagged SLP76 fusion protein (J14-SLP76-YFP; [@bib22]) were transiently transfected with a wild-type (WT) HPK1 construct fused to the red fluorescent protein mCherry (HPK1-mCherry). These cells were dropped on anti-CD3--coated coverslips, and protein microclusters were imaged in fixed cells after 3-min stimulation. Microclusters containing SLP76-YFP were detected in most untransfected cells, as expected, whereas their number was dramatically reduced in cells expressing HPK1-mCherry ([Fig. 1 A](#fig1){ref-type="fig"}). Conversely, transfection of an mCherry-labeled kinase-deficient mutant of HPK1 (HPK1-KD-mCherry) led to an increase in the number of SLP76 microclusters compared with control cells ([Fig. 1 B](#fig1){ref-type="fig"}), indicating that the impairment of SLP76 microclusters by HPK1 was dependent on its catalytic activity.

![**HPK1 overexpression affects SLP76 microclusters.** (A) J14-SLP76-YFP cells were transfected with HPK1-mCherry. The day after transfection, cells were activated for 3 min on anti-CD3--coated coverslips, fixed, and analyzed by confocal microscopy. A single optical section at the level of the contact surface is shown. The plot shows the number of microclusters in cells expressing or not expressing the HPK1-mCherry construct. (B) J14-SLP76-YFP cells were transfected with HPK1-KD-mCherry and analyzed as in A. (C) J14-SLP76-YFP cells were transfected with HPK1-Y379F-mCherry and analyzed as in A. For all panels, images are representative of more than three independent experiments. Horizontal lines and error bars show means and SEM. Bars, 5 µm.](JCB_201103105_RGB_Fig1){#fig1}

Interestingly, HPK1-KD-mCherry clearly accumulated in SLP76-containing microclusters ([Fig. 1 B](#fig1){ref-type="fig"}). Thus, we asked whether HPK1 recruitment into microclusters was a prerequisite for their negative regulation. Phosphorylation of Tyr379 of HPK1 has been shown to allow binding of this kinase to the SH2 domain of SLP76 ([@bib31]). Hence, we transfected an HPK1-mCherry construct bearing a Y379F mutation in J14-SLP76-YFP cells. As shown in [Fig. 1 C](#fig1){ref-type="fig"}, this mutant was not incorporated into microclusters nor affected their number, suggesting that Tyr379-dependent interaction of HPK1 with SLP76 is a critical step in down-regulating SLP76 microclusters. Thus, these data revealed that HPK1 regulates signaling microclusters and demonstrated that this function depends on HPK1 directly binding to SLP76 and catalytic activity.

HPK1 negatively regulates the persistence of SLP76-containing microclusters
---------------------------------------------------------------------------

To understand whether HPK1 overexpression prevents the formation of signaling microclusters and/or reduces their stability after initial assembly, J14-SLP76-YFP cells transfected with HPK1-mCherry constructs were stimulated on anti-CD3--coated coverslips and imaged in real time. In control cells expressing only endogenous HPK1, SLP76 microclusters appeared as soon as cells touched the stimulatory surface and could be observed for a few minutes after cells had completely spread ([Fig. 2 A](#fig2){ref-type="fig"} and [Video 1](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp1}, bottom cell) as previously described ([@bib13]; [@bib22]). Interestingly, in cells overexpressing HPK1-mCherry, microclusters formed as in control cells during spreading on the stimulatory surface, but they rapidly disappeared thereafter ([Fig. 2 A](#fig2){ref-type="fig"} and Video 1, top cell). Quantification of the lifetime of individual microclusters showed that overexpression of HPK1 significantly reduces their persistence compared with untransfected cells ([Fig. 2 B](#fig2){ref-type="fig"}). The rarity of microclusters in HPK1-overexpresing cells rendered the incorporation of HPK1-mCherry in SLP76 microclusters hard to detect (Video 1). However, when visible, it was delayed as compared with microcluster formation. For instance, [Fig. 2 C](#fig2){ref-type="fig"} demonstrates that SLP76 incorporation increased for ∼40 s after microcluster detection, whereas HPK1-mCherry recruitment started to be detectable when the amount of SLP76 was at its maximum. Interestingly, the amount of SLP76 in microclusters started decreasing when HPK1 recruitment began, arguing that incorporation of HPK1 in SLP76 microclusters induces their dissipation.

![**HPK1 reduces the persistence of SLP76 microclusters.** (A) J14-SLP76-YFP cells transfected with HPK1-mCherry were activated on anti-CD3--coated coverslips and imaged with a spinning-disk confocal microscope at one image/20 s. Frames from [Video 1](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp2} at different time points are shown. One untransfected control (CTRL) cell (closed arrowhead) and one cell expressing HPK1-mCherry (open arrowhead) are visible in each frame. (B). Lifetime of single SLP76-YFP microclusters was determined by manual tracking using time-lapse images of J14-SLP76-YFP cells, acquired as described in A. The plot shows SLP76 microcluster lifetime in untransfected cells and in cells expressing HPK1-mCherry or HPK1-KD-mCherry. (C, top) Z projection of the HPK1-mCherry--expressing cell shown in A, imaged after 80 s of activation. The boxed area highlights a microcluster containing both SLP76-YFP (green) and HPK1-mCherry (red). (bottom) Magnification of the boxed area shown in the top image at different time points. Time 0 corresponds to the first detection of this SLP76-YFP microcluster (i.e., 40 s in the time lapse displayed in A). Similar results were obtained in three independent experiments. (D) J14-SLP76-YFP cells transfected with control (siCont) or HPK1-specific (siHPK1) siRNAs were stimulated on anti-CD3 coverslips and analyzed as described in A. Knockdown efficiency was assessed by flow cytometry ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp3}). (E) SLP76 microcluster lifetime assessed in cells treated as in D. The plot shows pooled data of three experiments. Horizontal lines and error bars show means and SEM. Bars: (A, C \[top\], and D) 5 µm; (C, bottom) 1 µm.](JCB_201103105_RGB_Fig2){#fig2}

Remarkably, continuous generation of new microclusters was detectable for some minutes in control cells but not in HPK1-mCherry transfectants after the extinction of the initial wave of microclusters accompanying cell spreading ([Fig. 2 A](#fig2){ref-type="fig"} and Video 1). This observation suggested that HPK1 not only promotes dissociation of SLP76 from existing complexes but also prevents its incorporation into new ones. Contrary to the WT construct, HPK1-KD-mCherry was incorporated into SLP76 microclusters and induced a significant increase in their mean lifetime ([Fig. 2 B](#fig2){ref-type="fig"} and [Video 2](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp4}), confirming that dissipation of SLP76 microclusters requires a catalytically active HPK1.

We then addressed the role of endogenous HPK1 by analyzing the effect of HPK1 silencing on the persistence of SLP76 microclusters in live cells. SLP76-YFP--expressing cells were transfected with control or HPK1-specific siRNA oligonucleotides, typically yielding a knockdown efficiency of \>70% ([Fig. S1](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp5}). Reduced HPK1 expression correlated with an increased lifetime of SLP76 microclusters ([Fig. 2, D and E](#fig2){ref-type="fig"}), similar to the effect of overexpressing HPK1-KD-mCherry (see previous paragraph and [Fig. 2 B](#fig2){ref-type="fig"}). It is noteworthy that changes in SLP76 expression were not detected upon overexpression or silencing of HPK1 (Fig. S1, B and C); hence, they cannot explain the observed effect on SLP76 microclusters.

The dynamics of SLP76 microclusters was also studied in cells stimulated by superantigen-pulsed primary dendritic cells. J14-SLP76-YFP cells transfected with control or HPK1-specific siRNAs were dropped on a monolayer of human dendritic cells, previously loaded with the bacterial superantigen SEE, and imaged in real time. Even in this setting, more closely reproducing physiological conditions, HPK1 knockdown appeared to extend the persistence of SLP76 microclusters as compared with control cells ([Videos 3](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp6} and [4](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp7}). Altogether, these results indicated that HPK1 plays a key role in controlling the persistence of SLP76 microclusters and limiting their generation upon sustained TCR stimulation.

HPK1 uncouples SLP76 from phospho-LAT microclusters
---------------------------------------------------

SLP76 is constitutively associated to the adaptor GADS and is recruited into microclusters via the inducible interaction of GADS with phosphorylated LAT. Thus, to dissect the mechanism underlying the HPK1-induced dissipation of SLP76 microclusters, we compared the effect of HPK1 silencing on the number of SLP76 and phospho-LAT microclusters. J14-SLP76-YFP cells were transfected with control or HPK1-targeting siRNAs, stimulated on anti-CD3--coated coverslips, and stained with phosphospecific antibodies against Tyr191 of LAT. SLP76 microclusters were comparable in numbers in HPK1-silenced and control cells for ≤2 min of stimulation ([Fig. S2 A](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp8}). However, they were significantly more abundant in HPK1 knockdown than in control cells at 3 min of stimulation and later ([Fig. 3, A and B](#fig3){ref-type="fig"}). On the other hand, phospho-LAT microclusters were not affected by HPK1 knockdown for ≤3 min, whereas their number declined thereafter with a delayed kinetics in HPK1-silenced compared with control cells ([Fig. 3, A and C](#fig3){ref-type="fig"}). A similar delay between SLP76 and LAT microcluster down-regulation was observed in primary human T cells transfected with HPK1-specific siRNAs. Higher numbers of phospho-SLP76 microclusters were detected in HPK1 knockdown cells at 3 and 5 min of stimulation compared with control cells ([Fig. 3, D and E](#fig3){ref-type="fig"}), whereas phospho-LAT microclusters were slightly affected only at 5 min ([Fig. 3 F](#fig3){ref-type="fig"}). Mean HPK1 knockdown efficiency in these cells was ∼60% (Fig. S2 B).

![**HPK1 uncouples SLP76 from LAT microclusters.** (A) J14-SLP76-YFP cells transfected with control (siCont) or HPK1-specific (siHPK1) siRNAs were activated for 3 min on anti-CD3--coated coverslips, fixed, stained with antiphospho-LAT (Y191) mAbs, and imaged by confocal microscopy. Results are representative of three independent experiments. (B and C) J14 cells expressing SLP76-YFP were transfected as in A and stimulated for the indicated time points. SLP76-YFP (B) and phospho-LAT (p-LAT; C) microclusters were imaged and automatically counted (see Materials and methods). Circles represent the number of microclusters/cell of pooled data from three independent experiments. (D) Human primary CD4^+^ T cells, transfected with control or HPK1-specific siRNAs, were activated as in A, fixed, and stained with antiphospho-SLP76 (Y128) and antiphospho-LAT (Y191) mAbs. Images were acquired as in A. HPK1 knockdown efficiency was assessed by flow cytometry ([Fig. S2 B](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp9}). (E and F) Human primary CD4^+^ T cells were transfected and stimulated as in D and fixed at the indicated time points. Phospho-SLP76 (p-SLP76) and phospho-LAT microclusters were counted as in B. (G) J14-SLP76-WT cells expressing FLAG-SLP76 and transfected with control or HPK1-specific siRNAs were stimulated by anti-CD3 antibodies for the indicated time points, lysed, and immunoprecipitated (IP) by the anti-FLAG mAb. Proteins were separated by electrophoresis in nonreducing conditions and analyzed by immunoblotting (IB) as indicated. Comparable results have been obtained in two independent experiments. See [Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp10} for analysis of HPK1 knockdown efficiency. (H) J14 cells transiently transfected with SLP76-FLAG and/or HPK1-MYC constructs were stimulated for the indicated time points, lysed, and immunoprecipitated by anti-FLAG antibodies. Proteins were analyzed by immunoblotting as in G. Mobility of molecular mass markers (in kilodaltons) is shown on the left. Horizontal lines and error bars show means and SEM. Bars, 5 µm.](JCB_201103105_RGB_Fig3){#fig3}

Consistent with these results, transfection of J14-SLP76-YFP cells with HPK1-mCherry led to a significant reduction in the number of SLP76 microclusters compared with control cells but had no significant effect on phospho-LAT microclusters in cells stimulated for 3 min (Fig. S2, C and D). Collectively, these data indicated that the primary role of HPK1 is to regulate clustering of SLP76, although it may exert some delayed effect on phospho-LAT microclusters.

Further insight into the mechanism by which HPK1 affects SLP76 microclusters was obtained by analyzing SLP76-associated proteins by coimmunoprecipitation in cells stably expressing a FLAG-SLP76 construct (J14-SLP76-WT; [@bib17]). HPK1 silencing increased the amount of LAT coprecipitating with SLP76 in anti-CD3--stimulated cells, whereas the amount of coprecipitating GADS was unaffected ([Fig. 3 G](#fig3){ref-type="fig"}, compare bottom and middle). Efficient HPK1 silencing and impaired phosphorylation of its substrate Ser376 were confirmed by Western blotting ([Fig. S3 A](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp11}). Conversely, transient cotransfection of HPK1 with FLAG-SLP76 in J14 cells impaired the activation-induced coprecipitation of LAT but not GADS with FLAG-SLP76 at 5 min of stimulation ([Fig. 3 G](#fig3){ref-type="fig"}), although LAT phosphorylation was not affected (Fig. S3 B). Together, these results demonstrated that HPK1 controls the persistence of SLP76 microclusters by uncoupling SLP76--GADS complexes from phosphorylated LAT.

Persistence of SLP76 microclusters is partially dependent on HPK1-induced binding of 14-3-3 proteins to SLP76
-------------------------------------------------------------------------------------------------------------

Because we previously showed that HPK1 phosphorylates Ser376 of SLP76 and induces its binding to 14-3-3 proteins ([@bib17]), we probed the involvement of these events in the dissipation of SLP76 microclusters. First, we compared the distribution of SLP76 microclusters and SLP76--14-3-3ζ complexes in SLP76-YFP--expressing cells. SLP76--14-3-3ζ complexes were specifically detected in activated cells by using an in situ proximity ligation assay (PLA; [Fig. S4, A and B](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp12}; see Materials and methods and [@bib33]) but appeared to be segregated from SLP76-YFP microclusters ([Fig. 4 A](#fig4){ref-type="fig"}, top). Although the latter were adjacent to the cell--coverslip interface, SLP76--14-3-3ζ complexes were mostly far from this region ([Fig. 4 A](#fig4){ref-type="fig"}, bottom). Accordingly, only SLP76 microclusters, which are localized in close proximity of the plasma membrane, could be detected by total internal reflection fluorescence (TIRF) microscopy, whereas SLP76--14-3-3ζ complexes were visible only by epifluorescence (Fig. S4 C). These data strongly suggest that 14-3-3ζ binding to SLP76 and retention of SLP76 in microclusters are mutually exclusive.

![**Persistence of SLP76 microclusters is partially dependent on 14-3-3 proteins binding to phosphorylated Ser376.** (A) J14-SLP76-YFP cells were activated for 3 min on anti-CD3--coated coverslips, fixed, and stained with anti-SLP76 and anti--14-3-3ζ antibodies. SLP76-YFP microclusters (left; green in right image) and SLP76--14-3-3ζ complexes detected by in situ PLA (middle; red in right image) were visualized by confocal microscopy. A z-stack projection is shown. Bottom image represents an x-z projection of the cells shown in top images. Images are representative of three independent experiments. Bars, 5 µm. (B) J14 cells were transiently transfected with SLP76-YFP-WT or -S376A constructs. Cells were activated as in A, fixed, and imaged by confocal microscopy. SLP76-YFP microclusters were automatically counted (see Materials and methods) in cells expressing comparable levels of YFP labeling. Horizontal lines and error bars show means and SEM. (C) J14-SLP76-WT cells stably expressing FLAG-SLP76 were stimulated with anti-CD3 mAbs for the indicated time points, lysed, and immunoprecipitated (IP) with anti-FLAG mAbs. Samples were sequentially analyzed by GST (left) and GST--14-3-3ζ (middle) overlay assays followed by immunoblotting with anti-SLP76 and anti-GADS antibodies (right). Similar results were obtained in four independent experiments. Open arrowheads indicate heavy chains of precipitating antibodies. Mobility of molecular mass markers (in kilodaltons) is shown on the left. (D) Human CD4^+^ T cells were treated as in C, immunoprecipitated with anti-SLP76 antibodies, and subjected to overlay assays and immunoblotting as in C. This result is representative of two independent experiments. Mobility of molecular mass markers is shown on the right in kilodaltons.](JCB_201103105_RGB_Fig4){#fig4}

Additionally, the number of microclusters was significantly increased in cells expressing a YFP-labeled SLP76-S376A mutant, which cannot bind 14-3-3 proteins ([Fig. 4 B](#fig4){ref-type="fig"}). This result, implicating the SLP76--14-3-3 interaction in the regulation of SLP76 microclusters, was reminiscent of the effect of HPK1 knockdown ([Fig. 3](#fig3){ref-type="fig"}). However, the latter produced larger effects than SLP76-S376A-YFP expression (∼63 vs. 29% increase in microclusters compared with control cells, respectively, at 3 min of stimulation; compare [Figs. 3 C](#fig3){ref-type="fig"} and [4 B](#fig4){ref-type="fig"}), suggesting that HPK1 may exert additional effects on these signaling complexes.

Based on the propensity of 14-3-3 proteins to form homo- or heterodimers simultaneously binding two phosphorylated motifs ([@bib34]), we hypothesized that HPK1 might generate a second 14-3-3 binding site in SLP76 or in an associated protein, stabilizing the interaction with Ser376. Hence, we probed SLP76-associated proteins, isolated from J14-SLP76-WT cells, with a GST--14-3-3ζ fusion protein in an overlay assay. In addition to SLP76, a protein of ∼40 kD was bound by GST--14-3-3ζ but not by GST ([Fig. 4 C](#fig4){ref-type="fig"}, middle and left). This interaction was detectable in unstimulated cells and was increased after stimulation. Immunoblotting identified this protein as GADS ([Fig. 4 C](#fig4){ref-type="fig"}, right). Similar results were obtained when the GST--14-3-3ζ overlay assay was performed on SLP76 immunoprecipitates from human CD4^+^ T cells ([Fig. 4 D](#fig4){ref-type="fig"}). These results identified GADS as a novel 14-3-3--interacting protein and suggested its potential involvement in mediating HPK1 regulation of signaling microclusters.

HPK1 phosphorylates GADS and regulates its interaction with 14-3-3 proteins
---------------------------------------------------------------------------

The aforementioned results prompted us to ask whether HPK1 may regulate 14-3-3 binding to GADS. First, we used an in vitro kinase assay to test whether GADS is a substrate of HPK1. Immunoprecipitated WT or kinase-deficient HPK1 was incubated with maltose-binding protein (MBP) or an MBP-GADS fusion protein in the presence of \[^32^P\]ATP. A significant incorporation of ^32^P over background was observed when MBP-GADS was incubated with WT HPK1 but not with the kinase-deficient construct ([Fig. 5 A](#fig5){ref-type="fig"}).

![**HPK1-dependent binding of 14-3-3ζ to GADS.** (A) HPK1-HA constructs, wild type (WT) or kinase deficient (KD), were transfected in COS7 cells and immunoprecipitated (IP) with anti-HA mAbs. Recombinant MBP or MBP-GADS was added to either sample and incubated with \[^32^P\]ATP. Supernatants were then spotted onto Whatman filters, and incorporated radioactivity was measured. Comparable results have been obtained in three independent experiments. Error bars indicate SDs of triplicates. (B) J14-SLP76-WT cells expressing FLAG-SLP76 and transfected with control (siCont) or HPK1-specific (siHPK1) siRNAs were stimulated by anti-CD3 mAbs for the indicated time points, lysed, and immunoprecipitated with anti-FLAG mAbs. Samples were analyzed by GST (top) and GST--14-3-3ζ (middle) overlay assay followed by Western blotting with anti-SLP76 and anti-GADS antibodies (bottom). Similar results have been obtained in three independent experiments. Open arrowheads indicate heavy chains of the precipitating antibodies. HPK1 knockdown efficiency was assessed by immunoblotting ([Fig. S1 C](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp13}). Mobility of molecular mass markers is shown on the right in kilodaltons. (C) Quantification of GST--14-3-3ζ binding to SLP76 (left) and GADS (right) in overlay assays shown in B. Bands in B (middle and bottom) were acquired and quantified as outlined in Materials and methods. Intensity of bound GST--14-3-3ζ bands was normalized by the relative amount of SLP76 (left) or GADS (right) in the same lane. (D) Jurkat cells transfected with control or HPK1-specific siRNAs were activated for 10 min on anti-CD3--coated coverslips, fixed, and stained with the antibody pairs indicated on the left and by DAPI for visualizing nuclei (blue). Protein complexes (red) were detected by in situ PLA. A z-stack projection is shown in each image. Bars, 5 µm. (E) Images obtained by in situ PLA experiments as shown in D were analyzed using the BlobFinder software to automatically count spots generated by protein--protein interactions. Histograms show means and SEM of the number of spots per cell from two independent experiments. The number of cells analyzed is indicated beside each bar.](JCB_201103105_RGB_Fig5){#fig5}

We then asked whether HPK1 regulates the interaction of 14-3-3ζ with GADS. We transfected J14-SLP76-WT cells with control or HPK1-specific siRNAs and immunoprecipitated FLAG-SLP76 and associated proteins. Efficient HPK1 knockdown (Fig. S3 C) almost completely inhibited of GST--14-3-3ζ binding to FLAG-SLP76 in an overlay assay ([Fig. 5, B](#fig5){ref-type="fig"} \[middle\] and C \[left\]). Maximum binding of GST--14-3-3ζ to GADS was reduced by ∼50% in HPK1 knockdown cells compared with control cells ([Fig. 5, B](#fig5){ref-type="fig"} \[middle\] and C \[right\]). Although the inhibition of GST--14-3-3ζ binding to GADS in this assay was not complete, this result indicated a role of HPK1 in inducing 14-3-3 binding to GADS.

Finally, we probed the role of HPK1 in regulating the interaction of 14-3-3ζ with GADS in intact cells. Jurkat cells, transfected with control or HPK1-specific siRNAs, were stimulated on anti-CD3--coated coverslips and analyzed by in situ PLA with different antibody combinations. Labeling with anti-SLP76 and anti--14-3-3ζ antibodies yielded a positive PLA signal that was abolished upon HPK1 silencing ([Fig. 5, D](#fig5){ref-type="fig"} \[top\] and E), confirming that SLP76 binding to 14-3-3ζ is induced by HPK1 ([@bib17]). Staining with anti-GADS and anti--14-3-3ζ antibodies also yielded a strong PLA signal in control cells, validating the interaction between these proteins, which was impaired by HPK1 silencing ([Fig. 5, D](#fig5){ref-type="fig"} \[middle\] and E). Conversely, no detectable PLA signal was observed after staining with anti-LAT and anti--14-3-3ζ antibodies ([Fig. 5, D](#fig5){ref-type="fig"} \[bottom\] and E). Collectively, these data demonstrated that HPK1 controls the interaction of 14-3-3 proteins with GADS.

14-3-3ζ binds a phosphothreonine-containing motif of GADS
---------------------------------------------------------

Because 14-3-3 protein binding to their target is usually induced by Ser/Thr phosphorylation of conserved motifs ([@bib34]), we inspected the human GADS sequence in search of potential 14-3-3 binding sites. We identified a conserved RRHTDP sequence, resembling a type I 14-3-3 binding motif (RXXp(S/T)XP; [@bib20]), encompassing Thr262 (Thr254 in murine GADS). Interestingly, this residue was previously reported to be phosphorylated in T cells ([@bib30]; [@bib9]), and a similar motif in the adaptor Gab2 (RRNpTLP) was previously shown to bind 14-3-3 proteins ([@bib10]). Hence, we mutated Thr254 to Ala in a murine GADS construct fused to the CFP (CFP-GADS; [@bib14]) and tested the ability of this mutant to bind 14-3-3ζ. J14 cells were transfected with FLAG-SLP76 alone or together with WT or mutant CFP-GADS. Analysis of anti-FLAG immunoprecipitates by an overlay assay revealed that GST--14-3-3ζ bound in an inducible manner to FLAG-SLP76 and endogenous GADS as well as to transfected CFP-GADS ([Fig. 6 A](#fig6){ref-type="fig"}, top). Conversely, binding of GST--14-3-3ζ to CFP-GADS-T254A was almost undetectable ([Fig. 6 A](#fig6){ref-type="fig"}, top). Moreover, an antibody raised against phosphorylated RRXp(S/T) motifs detected CFP-GADS in a stimulation-dependent manner ([Fig. 6 A](#fig6){ref-type="fig"}, middle) but not CFP-GADS-T254A, confirming that Thr254 is phosphorylated in vivo and demonstrating a causal link between Thr254 phosphorylation and GST--14-3-3ζ binding to GADS.

![**Mutation of Thr254 impairs 14-3-3ζ binding to GADS and coprecipitation with the SLP76--GADS complex.** (A) J14 cells were transiently transfected with FLAG-SLP76 together with CFP-GADS constructs, either wild type (WT) or T254A. Cells were stimulated (+) or not stimulated (−) with anti-CD3 mAbs, immunoprecipitated (IP) with anti-FLAG antibodies, and analyzed by GST--14-3-3ζ overlay assay (top) followed by immunoblotting (IB) with the antiphospho-RRXS/T motif (middle) and anti-FLAG plus anti-GADS mAbs (bottom). (B) J14 cells were transiently transfected with FLAG-SLP76-WT or -S376A together with either CFP-GADS-WT or CFP-GADS-T254A. Cells were treated as in A, immunoprecipitated with anti-FLAG antibodies, and then analyzed by immunoblotting with anti-SLP76 (top), anti-GADS (middle), and 14-3-3ζ antibodies (bottom). For both panels, data are representative of two independent experiments giving similar results. Mobility of molecular mass markers (in kilodaltons) is shown on the right.](JCB_201103105_GS_Fig6){#fig6}

To assess the relative contribution of SLP76 and GADS binding sites to 14-3-3 recruitment, J14 cells were transfected with FLAG-SLP76 and CFP-GADS constructs, either WT or mutant, in various combinations. Immunoblotting on SLP76 immunoprecipitates showed that GADS-T254A mutation reduced the coprecipitation of 14-3-3ζ more strongly than the SLP76-S376A mutation ([Fig. 6 B](#fig6){ref-type="fig"}, bottom). Expression of both mutants further reduced 14-3-3ζ binding ([Fig. 6 B](#fig6){ref-type="fig"}, bottom), demonstrating that stable interaction of 14-3-3ζ with the SLP76--GADS complex depends on both Ser376 and Thr254. Importantly, neither mutation altered the constitutive SLP76--GADS interaction ([Fig. 6 B](#fig6){ref-type="fig"}, top and middle). These data identified Thr254 of GADS as a 14-3-3 binding site and highlighted its prominent role in regulating the association of 14-3-3 proteins to SLP76--GADS complexes.

14-3-3 binding to SLP76 and GADS cooperatively affects microcluster stability and T cell activation
---------------------------------------------------------------------------------------------------

Based on the aforementioned observations, we aimed to correlate 14-3-3 binding to SLP76 and GADS with microcluster stability and T cell activation. First, we analyzed the persistence of SLP76 microclusters in cells expressing various SLP76-YFP and CFP-GADS constructs stimulated on anti-CD3--coated coverslips for 5 min. The number of SLP76 microclusters was significantly increased in cells expressing the CFP-GADS-T254A compared with those transfected with CFP-GADS ([Fig. 7 A](#fig7){ref-type="fig"}). Expression of YFP-SLP76-S376A also increased the number of microclusters compared with YFP-SLP76--expressing cells, although it was less effective than CFP-GADS-T254A ([Fig. 7 A](#fig7){ref-type="fig"}). Simultaneous expression of both mutants further increased the number of microclusters as compared with either mutant alone ([Fig. 7 A](#fig7){ref-type="fig"}). Of note, phospho-LAT microclusters were also increased at this time point by SLP76 and GADS mutations ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp14}), indicating that alterations of these two adaptors indirectly affect LAT clustering.

![**Mutation of 14-3-3ζ binding sites of SLP76 and GADS leads to additive increase in SLP76 microclusters and NFAT activation.** (A) J14 cells were transiently transfected with SLP76-YFP, -WT, or -S376A together with CFP-GADS constructs, either WT or a T254A mutant. Cells were stimulated for 5 min on anti-CD3--coated coverslips, fixed, and imaged by confocal microscopy. The number of SLP76 microclusters was automatically assessed in selected cells showing homogeneous levels of YFP and CFP fluorescence. A similar analysis was performed on phospho-LAT microclusters ([Fig. S5 A](http://www.jcb.org/cgi/content/full/jcb.201103105/DC1){#supp15}). Horizontal lines and error bars show means and SEM. (B) J14 cells stably expressing FLAG-SLP76 (J14-WT) or FLAG-SLP76-S376A (J14-S376A) were transiently cotransfected with the indicated CFP-GADS construct and an NFAT-luciferase reporter plasmid. Cells were stimulated with the indicated concentrations of plate-bound anti-CD3 and 1 µg/ml of soluble anti-CD28 mAbs for 5 h. Control samples were stimulated with PMA and Ca^2+^ ionophore to assess maximal NFAT-dependent transcription. Luciferase activity was measured in cell lysates. Data represent means ± SD of normalized luciferase activity from quadruplicate samples expressed as a percentage of maximal luciferase activity. Comparable expression levels of all constructs are shown in Fig. S5 B.](JCB_201103105_GS_Fig7){#fig7}

Finally, we evaluated the functional response of T cells expressing SLP76 and GADS mutants by measuring the activation of the nuclear factor of activated T cell (NFAT) transcription factor. J14-SLP76-WT and -S376A cell lines expressing FLAG-tagged WT SLP76 or the S376A mutant ([@bib17]) were transfected with CFP-GADS or CFP-GADS-T254A expression vector, together with an NFAT-luciferase reporter plasmid. Measurement of luciferase activity in cells stimulated with anti-CD3 and anti-CD28 antibodies showed that overexpressing CFP-GADS-T254A in J14-SLP76-WT cells led to higher NFAT activation than CFP-GADS transfection ([Fig. 7 B](#fig7){ref-type="fig"}). J14-SLP76-S376A cells expressing CFP-GADS also showed higher NFAT activity compared with J14-SLP76-WT transfected with this construct. Moreover, expression of CFP-GADS-T254A in J14-SLP76-S376A further increased NFAT activity ([Fig. 7 B](#fig7){ref-type="fig"}), indicating that simultaneous mutation of both 14-3-3 binding sites resulted in the highest T cell activation. Comparable expression of all constructs was verified by immunoblotting (Fig. S5 B). Altogether, these results indicated that the simultaneous interaction of 14-3-3 to SLP76 and GADS negatively regulates the stability of signaling complexes and functional activation of T cells.

Discussion
==========

This work shows for the first time that HPK1 modulates TCR-proximal signaling and T cell activation by regulating the stability of critical protein complexes at the immunological synapse. We found that the persistence of SLP76 microclusters induced by TCR stimulation is dependent on HPK1 activity. HPK1 incorporation into SLP76 microclusters coincides with their rapid dissipation caused by a 14-3-3--mediated uncoupling of SLP76--GADS complexes from LAT. Persistence of phospho-LAT microclusters appears also affected by HPK1 but with some delay compared with SLP76 microclusters. These kinetic differences suggest that the effect on phospho-LAT clustering is consequent to the release of the SLP76--GADS complex, possibly because of the loss of stabilizing protein--protein interactions dependent on SLP76 and/or GADS. In support of the hypothesis that HPK1 does not target LAT directly, phospho-LAT microclusters are increased when 14-3-3 binding to SLP76 and GADS is impaired (Fig. S5 A). Collectively, these results show that a major function of HPK1 is to uncouple the SLP76--GADS from phosphorylated LAT, leading to negative regulation of T cell activation.

The results described here reveal that the mechanism of HPK1-dependent tuning of TCR-proximal signaling is more complex than initially reported because it involves a previously unidentified 14-3-3 binding site in GADS in addition to Ser376 of SLP76 ([@bib17]). Thr254 in murine GADS (corresponding to Thr262 in the human protein) was necessary for 14-3-3 binding and for negative regulation of microcluster stability and T cell activation. Moreover, disruption of this 14-3-3 binding site had a stronger impact on SLP76 microcluster persistence than mutation of Ser376, possibly because binding of 14-3-3 to GADS disturbs the interaction of the SH2 domain of GADS with phospho-LAT, either by steric hindrance or by inducing a conformational change. However, simultaneous mutation of both Ser376 and Thr254 had additive effects on both persistence of SLP76 microclusters and NFAT transcriptional activity upon T cell stimulation, suggesting a cooperative stabilization of the interaction of 14-3-3 with the SLP76--GADS complex. This finding is consistent with 14-3-3 proteins forming homo- and heterodimers that usually require interaction with two phosphorylation sites for stable binding ([@bib34]). Based on these results, we propose a model whereby recruitment of HPK1 in SLP76-containing microclusters leads to phosphorylation of both SLP76 and GADS on Ser376 and Thr262, respectively. These posttranslational modifications enable recruitment of a 14-3-3 protein dimer, which in turn enforces dissociation of the SLP76--GADS--14-3-3 complex from phospho-LAT and consequently down-regulates TCR-induced signal transduction ([Fig. 8](#fig8){ref-type="fig"}).

![**Model of regulation of microcluster persistence and signaling by HPK1.** (A) SLP76--GADS complexes (only one is depicted for clarity) are recruited to the phosphorylated transmembrane adaptor LAT to form signaling-competent microclusters. (B and C) When phosphorylated on Tyr379, HPK1 is incorporated into microclusters by interacting with the SH2 domain of SLP76 (B) and phosphorylates Ser376 of SLP76 and Thr262 of GADS (C). (D and E) 14-3-3 proteins then bind to SLP76--GADS complexes through these phosphorylated residues (D), thus leading to dissociation of these complexes from phospho-LAT (p-LAT) and terminating signaling (E).](JCB_201103105R_RGB_Fig8){#fig8}

The subsequent fate of the pool of SLP76 (and GADS) released from microclusters is unknown yet. Although a fraction of it could still be signaling competent because of its interaction with other effectors ([@bib14]), the correlation between removal from microclusters and reduced T cell activation reported here rather hints at an inactivation process. Hence, 14-3-3--bound SLP76 might be sorted for degradation or recycling. We could not detect significant changes in the total amount of SLP76 during the stimulation time analyzed (10 min), but we cannot exclude that degradation occurs later. Reincorporation of SLP76 into new microclusters has been previously described by others ([@bib7]), but according to our model, it would imply release of 14-3-3 and dephosphorylation of Ser376. However, we found that both Ser376 phosphorylation and 14-3-3 binding to SLP76 were long lasting (i.e., 45--60 min; [@bib17]) and that no additional microclusters were generated after the extinction of the first wave accompanying cell spreading on anti-CD3 coverslips in cells overexpressing HPK1 ([Fig. 2 A](#fig2){ref-type="fig"} and Video 1). Both observations argue against a recycling of released SLP76; hence, further studies are required to address these issues.

Intriguingly, HPK1 knockdown more potently impaired GST--14-3-3ζ binding to SLP76 than to GADS in the overlay and in situ PLA assays, whereas direct mutation of the 14-3-3 binding site in GADS had stronger effects on 14-3-3ζ coprecipitation and on microcluster stability than mutation in SLP76. The reason for this difference is unknown and may depend, in part, on the different assay used. However, although HPK1 phosphorylates GADS in vitro, they do not allow us to exclude the existence of redundant kinases that may replace HPK1 in phosphorylating GADS in vivo.

The effect of HPK1 on microcluster persistence is reminiscent of that previously described for the ubiquitin E3 ligase c-Cbl ([@bib4]). Indeed, c-Cbl incorporation into LAT- and SLP76-containing microclusters induces their dissipation, although the mechanisms allowing c-Cbl--dependent control of microcluster stability remain to be identified ([@bib4], [@bib5]). Therefore, HPK1 and c-Cbl appear to modulate microcluster persistence, likely by different mechanisms, suggesting that multiple negative feedback loops operate to control protein clustering at immunological synapses. This also implies that the dissipation of signaling protein complexes is not only dictated by "passive" mechanisms, e.g., stochastic release of SH2-mediated interactions followed by dephosphorylation of critical tyrosine residues, but also by specific mechanisms "actively" driving the dissociation of key components.

Tuning of T cell signaling by HPK1 might be regulated in an activation- and/or differentiation-dependent fashion. Indeed, it has been shown that the expression of HPK1 in stimulated T cells is first up-regulated and then decreased because of caspase-dependent cleavage. Such modulation appears to control the activation of the NFκB pathway, thus inducing a change in T cell sensitivity to activation-induced apoptosis ([@bib8]), but it may also affect upstream signaling events. If this is the case, the regulatory mechanism described here would be active in naive but not in previously activated cells.

TCR-independent stimuli may also tune HPK1 activity and, consequently, T cell responsiveness. For instance, it has been proposed that secretion of prostaglandin E2 by cancer cells activates HPK1 and impairs CD8^+^ T cell--dependent antitumor responses ([@bib2]). Interestingly, anti-CD3--stimulated binding of GST--14-3-3ζ to GADS in vitro is reinforced by pretreating Jurkat cells with PGE2 (unpublished data). Hence, it will be interesting to address the involvement of HPK1-dependent control of microclusters in altering T cell responsiveness under pathological conditions.

In conclusion, our data demonstrate that negative feedback triggered by HPK1 plays an important role in regulating the stability of critical signaling complexes at immunological synapses. This mechanism may represent a flexible device adapting T cell responsiveness according to cell differentiation and/or external cues.

Materials and methods
=====================

Plasmids and antibodies
-----------------------

The pEF-FLAG-SLP76-WT expression vector was provided by G. Koretzky (University of Pennsylvania, Philadelphia, PA). pMT2-HPK1-HA and pMT2-HPK1-KD-HA plasmids ([@bib3]) were provided by F. Kiefer (Max Planck Institute for Molecular Biomedicine, Münster, Germany). HPK1-MYC and -mCherry constructs were generated by subcloning mouse HPK1 cDNA from pMT2-HPK1-HA plasmids into the pmCherry-N1 plasmid (Takara Bio Inc.) using a PCR cloning system (In-Fusion; Takara Bio Inc.). SLP76-YFP and CFP-GADS ([@bib14]) were provided by L.E. Samelson (National Cancer Institute--Center for Cancer Research, Bethesda, MD). All point mutations were generated using the mutagenesis kit (QuikChange II; Agilent Technologies) and verified by sequencing of the entire insert cDNA. The following antibodies were used: 14-3-3ζ (C-16; Santa Cruz Biotechnology, Inc.), SLP76 (clone SLP76/03 mAb or goat polyclonal obtained from AbD Serotec and rabbit polyclonal obtained from Cell Signaling Technology), HPK1 (Cell Signaling Technology), FLAG (M2; Sigma-Aldrich), CD3 (clone UCHT1 obtained from BioLegend, MEM92 obtained from Exbio, or HIT-3a obtained from eBioscience), CD28 (clone CD28.2; Beckman Coulter), phospho-SLP76 (Y128; clone J141-668-36-58; BD), phospho-LAT (Y191; rabbit polyclonal; Cell Signaling Technology), anti-GADS (rabbit polyclonal obtained from Millipore or mAb obtained from Santa Cruz Biotechnology, Inc.), and anti-RRXp(S/T) motif (100G7E; rabbit mAb) obtained from Cell Signaling Technology.

Cells
-----

SLP76-deficient J14 cells (provided by A. Weiss, University of California, San Francisco, San Francisco, CA; [@bib38]) were cultured in RPMI 1640 medium supplemented with 10% FCS and antibiotics. J14-SLP76-WT and J14-SLP76-S376A cells ([@bib17]) were obtained by infecting J14 cells with pseudotyped viral particles bearing a bicistronic pMX-IRES-GFP retroviral vector coding for SLP76 constructs, either WT or S376A, respectively. Two rounds of infection were performed followed by enrichment of GFP-positive cells by fluorescence-activated cell sorting. These cells were cultured in the aforementioned medium. J14-SLP76-YFP, a cell line expressing SLP76-YFP ([@bib22]), was generated by transfecting J14 cells with an SLP76-YFP--expressing plasmid (see Plasmids and antibodies section) by electroporation. Stably transfected cells were selected and maintained in culture medium supplemented with 1 mg/ml G418 (Invitrogen). Human CD4^+^ T cells were isolated from peripheral blood of healthy donors using the CD4^+^ T Cell Isolation Kit II (Miltenyi Biotec) and cultured in RPMI 1640 medium containing 10% FCS, 1 mM sodium pyruvate, nonessential amino acids, antibiotics, and 2 ng/ml IL-7 ([@bib19]). Human dendritic cells were obtained by purification of monocytes from the peripheral blood of healthy donors using a CD14^+^ cell isolation kit and 7-d culture in medium supplemented with 20 ng/ml granulocyte macrophage colony-stimulating factor and 1,000 U/ml IL4. For T cell stimulations, dendritic cells were matured using lipopolysaccharide for 24 h.

Confocal microscopy and image analysis
--------------------------------------

SLP76 and LAT microclusters were studied as previously described ([@bib22]). In brief, cells were dropped onto glass coverslips (MatTek or LabTek) coated with anti-CD3 mAb (UCHT-1, MEM-92, or HIT-3a) or on superantigen-pulsed dendritic cells. Live cells were imaged at 37°C in RPMI 1640 medium without phenol red supplemented with 10% FCS, using a spinning-disk confocal microscope (UltraVIEW; PerkinElmer) equipped with a stage and objective heater and CO~2~ incubator. Z stacks of 11 confocal sections were acquired every 5 s for 5 min or every 20 s for 20 min for stimulation with dendritic cells. Alternatively, cells were fixed at the indicated times, permeabilized, stained with the appropriate antibodies, and then analyzed by a confocal microscope (LSM700 \[Carl Zeiss\]; SP5 \[Leica\]) using a 63× oil immersion objective with a 1.4 numerical aperture. Secondary antibodies were labeled with Alexa Fluor 488 (green fluorescence channel), Cy3 (red), or Cy5 (far red). Depending on the microscope, images were acquired using Zen (Carl Zeiss), LAS AF Lite (Leica), or Volocity (PerkinElmer) software. Postacquisition treatment of images was performed using ImageJ software (National Institutes of Health).

TIRF microscopy
---------------

Cells were stimulated on anti-CD3--coated coverslips (Laboratory-Tek; Thermo Fisher Scientific), fixed, labeled, kept in PBS supplemented with 20 mM ascorbic acid (Sigma-Aldrich), and then analyzed using TIRF with an inverted microscope (IX81; Olympus).

Quantitative image analysis of microclusters and statistical analysis
---------------------------------------------------------------------

A specific script for automated detection and counting of microclusters was created using the Acapella 2.0 image analysis software (PerkinElmer). For antibody-based microcluster detection, a threshold has been introduced based on the mean signal measured on unstimulated cells plated on poly-[l]{.smallcaps}-lysine. Microcluster lifetime was measured by analyzing videos using the Manual Tracking plug-in of the ImageJ software. Statistical data analyses were performed by the Mann--Whitney nonparametric test using Prism software (GraphPad Software).

NFAT activity assay
-------------------

J14-SLP76-WT or -S376A cells were transfected with 5 µg NFAT-luciferase reporter plasmid ([@bib24]) together with plasmids encoding either CFP-GADS or CFP-GADS-T254A. 10^7^ cells/100 µl were electroporated using a transfection system (at 1,400 V with three pulses of 10 ms; Neon; Invitrogen). 22 h later, cells were left unstimulated or stimulated either with increasing concentrations of plate-bound anti-CD3 (6.3--100 ng/ml) plus 10 µg/ml of soluble anti-CD28 or a combination of 10 ng/ml PMA (Sigma-Aldrich) and 250 ng/ml calcium ionophore (A23187; EMD) in 96-well plates. After 5 h, cells lysis and luciferase activity assays were performed using the Cell Culture Lysis Reagent and the Luciferase Assay System (Promega) according to the manufacturer's instructions. Plates were read using a microplate luminometer (Tropix TR717; Applied Biosystems). The percentage of luciferase activity for anti-CD3/CD28-stimulated samples was calculated as follows: percent = \[(RLU − MIN)/(MAX − MIN)\] × 100, in which RLU is the measured luciferase activity of the sample, MIN is the mean RLU for the unstimulated sample, and MAX is the mean RLU for a sample stimulated with PMA plus Ca^2+^ ionophore.

PLA
---

This assay allows detection of protein--protein interactions when two antibodies coupled to complementary oligonucleotides are in sufficient proximity to allow annealing and priming of a rolling circle amplification reaction. Amplification products are then visualized by incubation with fluorescent probes. Interactions between 14-3-3ζ and potential targets were analyzed in situ by intracellular labeling with anti--14-3-3ζ rabbit polyclonal antibody combined with anti-SLP76, anti-GADS, or anti-LAT mouse mAbs followed by detection using the PLA kit (Duolink; Olink) according to the manufacturer's instructions. Fluorescence spots generated were automatically counted, and the mean number of spots per cell was calculated from nuclei counting using BlobFinder V3.2 software (Centre for Image Analysis, Uppsala University, Uppsala, Sweden).

Transient transfection and RNA interference
-------------------------------------------

For transient protein expression, cells were electroporated with 5--15 µg plasmid using an electroporation device (260 V, 950 µF; Gene Pulser Xcell; Bio-Rad Laboratories), a Neon transfection system, or a Nucleofector system (Lonza). HPK1 knockdown in cell lines was obtained by electroporating 500 nM of control or HPK1-specific siRNAs (Thermo Fisher Scientific) as previously described ([@bib22]). CD4^+^ T cells were transfected with 1 µM siRNA using a Nucleofector system and the Human T Cell Nucleofector kit (Lonza). Cells were analyzed 72--96 h after transfection.

Cell stimulation and lysis, immunoprecipitation, and immunoblotting
-------------------------------------------------------------------

Cells were stimulated by incubation at 37°C with 15 µg/ml of soluble anti-CD3 mAb (IgM, clone MEM-92). Activation was stopped by adding ice-cold PBS containing 2 mM sodium orthovanadate and 0.05% sodium azide. Cells were lysed for 10 min in ice-cold buffer containing 0.25% lauryl-β-maltoside and a cocktail of protease and phosphate inhibitors, and insoluble material was removed by centrifugation at 20,800 *g* for 10 min at 4°C. Immunoprecipitations were performed by incubating lysates for 1.5--2 h at 4°C with either anti-FLAG M2 affinity gel (Sigma-Aldrich) or protein G--coupled Sepharose beads previously coated with relevant antibodies. Beads were then washed, and bound proteins were eluted by incubating beads with a 0.2 mg/ml FLAG peptide (Sigma-Aldrich) solution or by heating them at 70°C in gel sample loading buffer. Protein electrophoresis was performed on standard SDS-PAGE or NuPAGE gels (Invitrogen). After protein electrotransfer on nitrocellulose (LI-COR Biosciences), immunoblots were saturated with blocking buffer for near-infrared fluorescent western blotting (Rockland Immunochemicals) and incubated with primary antibodies. After incubation with secondary antibodies Alexa Fluor 680 (Invitrogen), IRDye 800 (Rockland Immunochemicals), or DyLight 800 (Thermo Fisher Scientific), near-infrared fluorescence was detected and quantified by using an Odyssey scanner and the Odyssey v3.0 software (LI-COR Biosciences).

Overlay assay
-------------

Immunoprecipitated proteins were transferred onto nitrocellulose membranes that were sequentially incubated in renaturation buffer (20 mM Hepes, 50 mM NaCl, 1 mM EDTA, and 10% glycerol) containing decreasing amounts of guanidine hydrochloride (6--0.19 M). After extensive washes in renaturation buffer, membranes were saturated as described for immunoblottings and incubated overnight with 10 µg/ml GST or GST--14-3-3ζ (provided by Y.-C. Liu, La Jolla Institute for Allergy and Immunology, La Jolla, CA; [@bib17]) followed by mouse anti-GST antibody and Alexa Fluor 680-- or IRDye 800--coupled anti--mouse antibodies (see previous paragraph).

In vitro phosphorylation assays
-------------------------------

WT or kinase-dead HA-tagged HPK1 was expressed in COS7 cells and purified by immunoprecipitation with an anti-HA mAb. Human GADS was subcloned into pMal C5X (New England Biolabs, Inc.), and the MBP fusion protein or MBP alone was bound on an amylose column (New England Biolabs, Inc.) and eluted with maltose according to the manufacturer's instructions. Equal amounts of bead-bound HPK1 constructs were mixed with 3 µg of the indicated substrate in kinase buffer (25 mM Tris, pH 7.5, 4 mM MgCl~2~, and 1 mM MnCl~2~) containing 5 µCi γ-\[^32^P\]ATP and 20 µM of unlabeled ATP. After 30-min incubation at 30°C, the reaction was stopped by adding EDTA to a final concentration of 80 mM. Beads were then spun down, and 60% of the supernatant was spotted onto Whatman filters, which were then washed extensively with 10% TCA containing 10 mM sodium pyrophosphate and rinsed once with ethanol and then with acetone. Finally, filters were dried and radioactivity counted.

Online supplemental material
----------------------------

Fig. S1 shows quantification of HPK1 knockdown efficiency and effect of HPK1 knockdown or overexpression on SLP76 levels ([Figs. 1](#fig1){ref-type="fig"} and [2](#fig2){ref-type="fig"}). Fig. S2 shows that HPK1 knockdown or overexpression affects SLP76- but not phosphorylated LAT--containing microclusters at early stimulation time points. Fig. S3 shows that HPK1 expression and SLP76 Ser376 phosphorylation are impaired in cells transfected with HPK1 siRNA, whereas HPK1 overexpression does not affect global LAT phosphorylation. Fig. S4 shows that SLP76--14-3-3ζ complexes are specifically detected by in situ PLA but do not colocalize with SLP76 microclusters. Fig. S5 shows the effect of mutating 14-3-3 binding sites of GADS and SLP76 on phosphorylated LAT microclusters and control of GADS and SLP76 construct expression in transiently transfected cells. Video 1 shows SLP76-YFP microcluster dynamics in control versus HPK1-mCherry--overexpressing cells ([Fig. 2](#fig2){ref-type="fig"}). Video 2 shows SLP76-YFP microcluster dynamics in control cells versus cells overexpressing HPK1-KD-mCherry ([Fig. 2](#fig2){ref-type="fig"}). Video 3 shows the effect of HPK1 knockdown on SLP76-YFP microclusters induced by SEE-pulsed dendritic cells transfected with control siRNA. Video 4 shows the effect of HPK1 knockdown on SLP76-YFP microclusters induced by SEE-pulsed dendritic cells transfected with HPK1-specific siRNA. Online supplemental material is available at <http://www.jcb.org/cgi/content/full/jcb.201103105/DC1>.
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